The melanocortins, a family of peptides produced from the post-translational processing of proopiomelanocortin (POMC), regulate ingestive behavior and energy expenditure. Loss of function mutations of genes encoding POMC, or of either of two melanocortin receptors expressed in the central nervous system (MC3R, MC4R), are associated with obesity. The analyses of MC4R knockout mice indicate that activation of this receptor is involved in the regulation of appetite, the adaptive metabolic response to excess caloric consumption, and negative energy balance associated with cachexia induced by cytokines. In contrast, MC3R knockout mice exhibit a normal, or even exaggerated, response to signals that induce a state of negative energy balance. However, loss of the MC3R also results in an increase in adiposity. This article discusses the regulation of energy balance by the melanocortins. Published and newly presented data from studies analyzing of energy balance of MC3R and MC4R knockout mice indicate that increased adiposity observed in both models involves an imbalance in fat intake and oxidation.
Introduction
Environments where high calorie foods are available with minimal physical cost are associated with an increased incidence of obesity and a cluster of metabolic abnormalities called the Metabolic Syndrome. Insulin resistance is the defining feature of the Metabolic Syndrome [18, 24, 59, 63] . Simply stated, energy intake and energy expenditure must be balanced over long periods to prevent excess weight gain and insulin resistance. Independently of adipose mass, the balance of fat consumption with oxidation in key insulin sensitive tissues is also thought to be important for weight maintenance and the prevention of insulin resistance [46] . Faced with an epidemic of obesity and the Metabolic Syndrome, there is an urgent need to identify therapeutic targets that will reduce appetite, increase energy expenditure and/or fat oxidation, or a combination of both.
The melanocortin system is considered a promising target for the treatment of eating disorders and obesity [35, 36] . In the brain, the melanocortin system can be defined as neurons expressing pro-opiomelanocortin (POMC), agouti-related peptide (AgRP), or melanocortin receptors whose activity is affected by peptides released from POMC and AgRP neurons. Melanocortin receptors have seven transmembrane domains, increase adenylyl cyclase activity and cyclic AMP, and are activated by melanocyte stimulating hormones (α-, β-, γ-MSH) released from POMC neurons [15] . Of the five cloned melanocortin receptors, two (MC3R, MC4R) have been identified as important down stream effectors regulating energy homeostasis in response to neuropeptides secreted by POMC and AgRP neurons.
The location of POMC neurons (arcuate nucleus of the hypothalamus, nucleus tractus solitarius of the brain stem) and AgRP neurons (arcuate nucleus of the hypothalamus) suggests a role in the regulation of satiety and energy expenditure [20] . In support of this hypothesis, chronic central and peripheral administration of non-selective melanocortin receptor agonists reduces food consumption and causes weight loss [42] . The central administration of AgRP, an antagonist of the MC3R and MC4R, increases appetite, weight gain and adiposity when administered centrally or overexpressed in transgenic mice [25, 51, 52, 55] . Targeted deletion of either the Mc3r and Mc4r genes is associated with increased adiposity [8] . Collectively, these data suggest that both receptors might be therapeutic targets for treating obesity and eating disorders. However, central administration of the non-specific melanocortin agonist melanotan-II (MTII) elicits a conditioned taste aversion (CTA) response in rats, suggesting that co-activation of MC3R and MC4R is associated with aversive sensations, such as nausea and anxiety [6, 61] . In contrast, reduced food intake associated with central administration of the selective MC4R agonist Ro27-3225 is not associated with CTA [6] , suggesting that MC4R-specific agonists might be best suited for the chronic treatment of obesity.
The five melanocortin receptors exhibit a broad distribution of expression in the body, and are involved in a diverse array of physiologic functions. Testing the specificity of action will therefore be an important step in the initial investigation of novel melanocortin receptor agonist and antagonist compounds. The generation of mice lacking functional MC3R or MC4R has provided important tools for investigating specificity of action for novel melanocortin receptor agonists and antagonists, and in the general investigation of melanocortin receptor function. This paper discusses results from published studies examining the phenotype of the two melanocortin receptor knockouts, and presents new phenotype data from MC3R and MC4R knockout mice backcrossed onto the C57BL/6J (B6) strain.
Materials and methods

Animal husbandry
Melanocortin-3 receptor knockout (Mc3r −/− ) and Mc4r −/− mice were derived from breeding colonies of heterozygotes maintained in the Department of Comparative Biology at the Pennington Biomedical Research Center. Both strains have been backcrossed at least 10 generations onto the B6 background. Genotyping of Mc3r −/− and Mc4r −/− mice used a polymerase-chain reaction (PCR)-based assay as described previously [2, 9] . Leptin-deficient (Lep ob /Lep ob ) mice were purchased from Jackson Laboratories (Bar Harbor, ME). All experiments were approved by the Institutional Animal Care and Use Committee. Fat mass (FM) and fat free mass (FFM) of mice were measured by nuclear magnetic resonance spectroscopy (NMR) using a Bruker Mice Minispec Analyzer (Bruker Optics Inc., Billerica, MA). Mice were fed purified low or high fat diets purchased from Research Diets (New Brunswick, NJ), as previously described [2] .
Analysis of food intake, spontaneous activity, and oxygen consumption
Food intake, movement in the X and Z-axes, and oxygen consumption and carbon dioxide respiration (VO 2 , VCO 2 ) were measured simultaneously using a 16 chamber Comprehensive Laboratory Animal Monitoring System (CLAMS) from Columbus Instruments (Columbus, OH). The metabolic cages are housed within a temperature-controlled incubator (Powers Scientific, Inc., Pipersville, PA), and temperature kept at constant 28 °C to minimize interexperimental variability due to thermal stress. Derivation of energy expenditure (EE, kJ/h) and percent energy from fat or carbohydrate oxidation (F%, C%) using indirect calorimetry were calculated as described previously [2] .
3. Transgenics studies to define the role of melanocortin receptors in regulation energy balance
Ingestive behavior of melanocortin receptor knockout mice
The initial characterization of the Mc3r −/− and Mc4r −/− mice used F2-F4 offspring on a mixed genetic background (129/Sv and B6) [3, [9] [10] [11] [12] [38] [39] [40] 57] . Subsequent experiments have used Mc3r −/− or Mc4r −/− mice backcrossed 8-12 generations onto the B6 strain [2, 23, 28, 37] . Feeding behavior involves neural pathways that affect motivation and reward, that respond to satiety signals, or sense metabolites such as glucose and free fatty acids (FFA), and is a complex behavioral trait reflecting the interaction of genetic and laboratory environment variables [1, 17, 56] . Differences in the phenotype of ingestive behavior of the melanocortin receptor knockouts in the literature might therefore occur due to variation in genetic background and the methods used to analyze ingestive behaviors. However, at this time the obese phenotype of the homozygous melanocortin receptor knockout mice appears robust, with independent groups reporting comparable phenotypes for Mc3r −/− [9, 11] and Mc4r −/− mice [12, 30] .
Mc4r
−/− mice on out bred (129;B6) backgrounds-When analyzed as grams ingested per animal, Mc4r −/− mice were originally reported to be hyperphagic when fed standard rodent chow [12, 30] . However, both lean tissue mass and longitudinal growth are significantly increased in mice and humans with abnormal MC4R function [14, 30] . The definition of 'normal' food consumption when comparing data from mice varying in nose-anus length by 10-12% [30] , and in fat-free mass by over 20% [2] , is not clear. It is reasonable to speculate that the increased energy requirements of ambulation and tissue maintenance associated with the substantial increase in lean mass is a significant factor in the increased food consumption of the Mc4r −/− mice. Certainly, a large body of clinical data obtained from human subjects suggests that resting energy expenditure, an estimate of the kJ required for maintaining a constant body weight, correlates significantly with fat free mass [45] .
While the interpretation of data from the investigation of food intake using standard rodent chow is not clear, Mc4r −/− mice do not appear to control appetite normally when introduced to palatable or high fat diets [10, 64] . On standard chows with low fat content (10-13% kJ/fat), food intake of Mc4r −/− mice can be within the normal range observed for wild type controls [10] . However, a marked hyperphagia is observed following the introduction of diets with increased palatability or fat content [10] . The effects of diet on ingestive behavior of Mc4r −/− mice has also been reported for lethal yellow (A Y /a) mice, that aberrantly express an antagonist of the MC4R, agouti, in the brain [64] .
The effects of high fat diets on the ingestive behavior of A Y /a and Mc4r −/− mice is similar to that observed in some experiments examining the effect of lesions of the ventromedial hypothalamus (VMH) [41] . The sensitivity of hyperphagia of Mc4r −/− and A Y /a mice to diet has recently been linked to the regulation of brain-derived neurotrophic factor (BDNF) in the VMH. BDNF mRNA expression is reduced in the VMH of A Y /a and Mc4r −/− mice, and in food deprived mice, while intracerebroventricular administration of the nonspecific melanocortin receptor agonist increases BDNF mRNA expression. The anorectic response to BDNF administered intracerebroventricularly is also regulated by diet: BDNF is an anorexigen when administered intracerebroventricularly to A y /a mice fed high fat diets, but has not effect on the ingestive behavior A y /a mice fed low fat chow [64] . BDNF receptor (TrkB) hypomorphs, which have a reduced expression of TrkB [64] , and a neural specific knockouts of the Bdnf gene [47] , also exhibit the increase longitudinal growth and obese phenotype observed for Mc4r −/− and A y /a mice. Whether BDNF neurons in the VMH express MC4R, or are innervated by MC4R-positive neurons, is not clear. Similarly, the hypothalamic and extra-hypothalamic sites that the VMH BDNF neurons project to that affect ingestive behavior are also not known.
Data from pair feeding studies, and from examination of the feeding response of Mc4r −/− mice to melanocortin agonists, has been suggested as evidence that abnormal regulation of appetite contributes to the increased weight gain. Hyperphagia on a standard chow diet has been reported for young (3-5 weeks) Mc4r −/− mice [62] ; pair feeding of Mc4r −/− mice with wild type littermates from an early age (5 weeks) reduces weight gain and adiposity [38, 57] . These results suggest that hyperphagia probably contributes to the increase of both lean and adipose tissue mass of Mc4r −/− mice [57] . However, pair-feeding does not completely prevent increased adiposity of Mc4r −/− mice [57] , suggesting a preferential partitioning of nutrients to storage as triglyceride in adipose tissue.
If activation of the MC4R is critical for the anorectic actions of melanocortin receptors agonists, then MC4R knockout mice should not respond by reducing food intake. This result has been reported by two groups, with the inhibition of food intake associated with either peripheral or central administration of the non-specific melanocortin agonist melanotan-II not observed in Mc4r −/− mice [12, 38] . The MC4R is thus critical, at least acutely, for the suppression of food intake in response to the release of MSH from POMC neurons, while the MC3R has either no or at best a very minor role [11] .
MC4R neurons are also important targets for peripheral factors that regulate energy balance. Seeley and colleagues reported that central administration of a non-selective melanocortin receptor antagonist effectively inhibited the reduction of food intake associated with leptin treatment [54] . It was therefore, of interest to determine the response of Mc4r −/− mice to leptin. Adult obese Mc4r −/− mice are clearly resistant to leptin administered centrally or peripherally [38] . Leptin resistance is also observed in obese lethal yellow (A Y /a) mice [7, 26] . However, a caveat to this result is that young lean Mc4r −/− mice, or Mc4r −/− mice pair-fed with wild type littermates to attenuate obesity, still exhibit a reduction in food intake following peripheral leptin treatment, although with reduced effectiveness when compared to wild type mice [38] . This would suggest that, in lean mice, leptin could suppress appetite through mechanisms not involving the MC4R.
−/− mice on the B6 background-The B6 strain is a widely used model of diet-induced obesity, developing a phenotype of obesity, hyperinsulinemia, and leptin resistance when fed 'western' style diets high in fat content [60] . Backcrossing the null melanocortin receptor alleles onto the B6 strain will facilitate comparison of the melanocortin receptor knockouts with other frequently used mouse models of obesity and insulin resistance. The spontaneous leptin gene mutant (Lep ob /Lep ob ) and A y /a mice are also maintained on the B6 strain.
We have reported that hyperphagia of female Mc4r −/− mice on the B6 background is sensitive to dietary fat content when compared to wild type B6 and Lep ob /Lep ob mice, with increased caloric intake only observed in Mc4r −/− mice [2] . Male Mc4r −/− mice on the B6 background are also not hyperphagic when fed low fat rodent chow [23] . Mc4r −/− mice on the B6 background have also been used to examine the function of this receptor in neural pathways responding to peripheral satiety factors [22, 27] and cachexia [37] . The results of these experiments suggest that, while a role for the MC4R likely exists in the satiating effects of anorexic compounds, considerably redundancy exists in the neural pathways that inhibit food intake in response to factors secreted from the gut and adipose. For example, Mc4r −/− mice on the B6 background do not reduce food intake when treated with cholecystokinin (CCK) [22] , suggesting that activation of MC4R in the brain stem is critical for CCK's effects on satiety.
However, loss of the CCK-A receptor, which is required for inhibition of food intake by CCK, does not cause hyperphagia or obesity in mice [33] . It is therefore unclear whether the loss of CCK's satiety signal contributes significantly to the obese phenotype of Mc4r −/− mice. On the other hand, the anorectic response to PYY, a gut peptide that inhibits food intake [5] , is conserved in Mc4r −/− mice [27] .
Mc3r
−/− mice on out bred (129;B6) backgrounds-Examination of feeding behavior of Mc3r −/− mice has yielded mixed results, with the published evidence suggesting at best a subtle contribution of the MC3R to the regulation of ingestive behavior. In contrast to Mc4r −/− mice, there is no published evidence for hyperphagia of Mc3r −/− mice on mixed background fed either low fat or high fat diets. Intake of low fat rodent chow by Mc3r −/− mice is either modestly reduced [11] , or normal [9] , when compared to wild type littermates. Food intake of Mc3r −/− mice was also not significantly different when given access to chow diet with modestly increased fat content [9] or a purified very high fat diet [11] . Moreover, the inhibition of food intake in response to MTII administered peripherally is retained in Mc3r −/− mice, suggesting that the MC3R is not critical for the inhibition of food intake in response to treatment with non-specific melanocortin receptor agonists [11] .
Mc3r −/− mice on an out bred background exhibit a very modest obese phenotype, with only minor changes in body weight, when fed standard rodent chow with low fat content (12.5% kJ/fat) [11] . However, we observed evidence for sexual dimorphism for Mc3r −/− mice fed breeder chow with modestly high fat content (25% kJ/fat); with females exhibiting a marked increase in body weight not observed in males (Fig. 1) . Subsequent analysis of body composition by dual X-ray absorptiometry (DEXA) indicated that fat as a percentage of total body weight can exceed 45% in 6 month old male Mc3r −/− mice fed the breeder chow diet (Mc3r −/− mice, 45.2 ±1.6%; Mc3r +/− mice, 36.1 ± 2.4%; Mc3r +/+ mice, 31.8 ± 5.2%, P < 0.05 Mc3r −/− versus Mc3r +/+ mice, n = 6−12/group). Female Mc3r −/− mice fed a high fat diet (60% kJ/fat) exhibit significantly greater weight gain due to differences in metabolism rather than ingestive behavior [11] . However, direct comparisons of weight gain and adiposity of Mc3r −/− and wild type littermates fed low fat or high fat diets have not been reported. [22] . While anorexia associated with tumors and endotoxin are markedly reduced in Mc4r −/− mice, it is conserved in Mc3r −/− mice, and might even be exaggerated, suggesting that MC3R acts to restrain the inhibitory outputs to feeding behavior from POMC neurons [37] . However, inhibition of the MC3R might be associated with an increased appetite. Increased food intake associated with intracerebroventricular administration of AgRP is conserved in Mc4r −/− mice [39] . A second independent study also reported a modest, but not statistically significant, increase in food intake of Mc4r −/− mice in response to centrally administered AgRP [23] . These results suggest that inhibition of the MC3R might increase food intake, and could be a factor in the orexigenic response to centrally administered AgRP [52] .
The introduction of high fat diets to F2-F4 out bred Mc3r −/− mice results in accelerated weight gain due to increased feed efficiency (weight gain per kJ ingested) [11] . We have also observed that Mc3r −/− mice on the B6 background exhibit a disproportionate increase in adiposity compared to wild type mice when fed purified high fat diets that is not associated with hyperphagia ( Fig. 2A) [9] . To investigate the mechanisms associated with the diet-induced increase in adiposity of Mc3r −/− on the B6 background, energy balance was measured using pre-obese 8-week-old mice housed in the comprehensive laboratory animal monitoring system (CLAMS). The food intake data for this experiment are shown in Fig. 2B-D 
. Male B6
Mc3r −/− and wild type B6 mice (2.5-3 months old, n = 8/group) that had been weaned onto a low fat diet were acclimated to the CLAMS chambers for 7 days, with temperature maintained at a constant 28 °C. There was no significant difference in body weight of the two groups. However, modest but significant differences were evident for FFM ( When analyzed as kJ ingested per mouse, cumulative food intake of Mc3r −/− mice was not significantly different from WT when fed a low fat diet (Research Diets 12450B, 10% kJ/fat) ( Fig. 2B and C) . However, Mc3r −/− mice became mildly hyperphagic after the introduction of a purified high fat diet (Research Diets 12492, 60% kJ/fat). Interestingly, the hyperphagia of Mc3r −/− mice on the high fat diet was due primarily to an increase in food intake during the lights-on period (Fig. 2C) . When adjusted for difference in fat free mass, there also was evidence of disproportionately high food consumption of Mc3r −/− mice on the low fat diet, although not to the same degree observed on the high fat diet (Fig. 2D) . The results of this experiment measuring food intake using the CLAMS system indicate that the MC3R might also function to reduce food consumption, especially in response to high diets. Surprisingly, the hyperphagia of Mc3r −/− mice fed high fat diets is most pronounced during the daytime, suggesting that the MC3R might function in the circadian regulation of ingestive behavior. One of the densest sites of MC3R mRNA expression is in the VMH [48] . Chemical lesions of the VMH have been shown to increase food intake during the daytime, and to possibly function in the integration of feeding with circadian rhythms [13] .
Energy expenditure and energy balance of melanocortin receptor knockout mice
Energy homeostasis involves long-term coordination of energy expenditure with energy consumption [34, 49, 50] . Hyperphagia owing to highly palatable calorie dense (i.e., 'western') diets or to a protein-deficient diet is associated with an increase in energy expenditure, or 'dietinduced thermogenesis' (DIT) [53, 58] . DIT involves an increase in sympathetic nervous activity and stimulation of β-adrenergic receptors; mice lacking all of the three β-adrenergic receptors ('β-less' mice) do not exhibit DIT and rapidly gain weight when fed high fat diets [4] . This latter study elegantly demonstrates that an inappropriately low metabolic rate can be a mechanism for increasing adiposity, as food intake of the'β-less' mice was not significantly different from wild type controls.
Regulation of energy expenditure by the MC4R-
The melanocortin system, acting in the central nervous system, potentially regulates energy expenditure through effects on sympathetic nervous activity [21, 44] . Young lean Mc4r −/− mice also exhibit reduced physical activity, providing another mechanism for reduced energy expenditure [10, 12, 57] . The interpretation of data from experiments using indirect calorimetry to compare energy expenditure of obese melanocortin receptor knockout with lean mice is confounded by the issue of adjusting for metabolic size [29] . However, the results from studies investigating the effect of melanocortin ligands on energy expenditure have yielded informative data indicating that the MC4R regulates energy expenditure. Administration of non-specific melanocortin receptor agonists, such as melanotan-II, either centrally or peripherally increases oxygen consumption in lean and obese rodents [12, 16, 31, 32, 42] . In Mc4r −/− mice, the increase in oxygen consumption associated with peripheral administration of high doses of MTII is not observed, suggesting a crucial role for this receptor in the regulation of thermogenesis by the melanocortin system [12] .
The MC4R also appears to be involved in the metabolic adaptation to hyperphagia and the transition between low-and high-fat diets. Mc4r −/− mice fed high fat diet exhibit, in addition to a more severe and prolonged hyperphagia, an increase in feed efficiency (weight gain per kJ ingested) [10] . Increased weight gain as a function of food intake suggests differences in the efficiency of digestion and nutrient absorption, or a reduction in energy expenditure. It was subsequently demonstrated that DIT, a 10-20% increase in oxygen consumption associated with hyperphagia observed in wild type mice, is not observed in Mc4r −/− mice [10] . Reduced DIT and low fatty acid oxidation, indicated by an increase in the respiratory exchange ratio, was also observed for Mc4r −/− mice on the B6 background [2] . The result from the latter study suggested that an integrated measurement of energy balance (i.e., energy consumed less energy expended) is more informative compared to independent measurements of energy expenditure and food intake. In two separate experiments, we have observed that the change in body weight over a 3-4 days period in the metabolic chambers is positively correlated with energy balance for males (r 2 = 0.67) and females (r 2 = 0.56). The approach of estimating energy balance (i.e., kJ ingested-kJ oxidized) also negates the necessity for using denominators, such as body weight or lean mass, when comparing heavy and lean strains of mice.
RER of Mc4r
−/− mice-A high RER indicates a reduced use of fatty acid oxidation for daily energy expenditure, a condition associated with increased risk for weight gain and insulin resistance [46] . There are two independent reports of a higher RER of Mc4r −/− mice on different genetic background. Male mice on a mixed background fed low fat standard chow exhibit a higer RER [12] . We have also observed a higher RER in male Mc4r −/− mice on the B6 background (data not shown). Our group has also observed a higher RER for female Mc4r −/− mice on the B6 background fed a purified high fat diet [2] . Overall, the data support the hypothesis that the obese phenotype of Mc4r −/− mice is associated with reduced fatty acid oxidation.
Measurement of energy expenditure of Mc3r
−/− mice-The initial investigation of energy expenditure of Mc3r −/− mice on the mixed 129;B6 background indicated that energy expenditure is not significantly different compared to wild type littermates [9, 11] . Mc3r −/− mice on the mixed 129;B6 background were also distinguished from Mc4r −/− mice by exhibiting a normal DIT response to hyperphagia [9] . Both groups involved in the initial investigation of the phenotype of Mc3r −/− mice reported reduced spontaneous physical activity, measured using a photobeam system [11] or wheel cages [9] . We have also observed a reduction in physical activity of pre-obese Mc3r −/− mice on the B6 background, with reduced movements in the X and Z-axes (Fig. 4 and data not shown) . The reduction in physical activity occurs during the dark, when mice are most active, with no significant difference observed during daytime. This observation raises an interesting question: how can energy expenditure can be within a normal range when physical activity is reduced was not explained. The discrepancy between physical activity and oxygen consumption data might suggest a modest elevation in basal or resting metabolic rate that is not of sufficient magnitude to be measured using indirect calorimetry.
Using the CLAMS, we have investigated energy expenditure of lean male B6 Mc3r −/− mice with wild type B6 littermates exposed to purified low or high fat diets. The food intake data for this group is shown in Fig. 2 . As reported previously, energy expenditure of male Mc3r −/− mice appeared normal when compared to wild type B6 mice (Fig. 3A) . In this experiment, energy expenditure of Mc3r −/− mice and wild type mice was not significantly affected by diet. However, the decline in the RER correlating with increased fatty oxidation was observed following introduction of the high fat diet, irrespective of genotype (Fig. 3B) . It should be noted that the transition from the purified low fat to high fat diets did not result in a marked increase in total caloric consumption (Fig. 2) , observed previously in studies using standard and breeder chow diets [10] . Indeed, the changes in total energy consumption on the low and high fat diets leading to hyperphagia of Mc3r −/− mice were modest, varying by 8-9% (energy consumption on the low and high fat diet for Mc3r −/− mice, 47.6 ± 2.6 kJ day −1 versus 51.8 ± 3.3 kJ day −1 , P = 0.36 by paired Student's t-test; for wild type mice, 45.3 ± 1.7 kJ 's t-test) . Without marked increases in total caloric consumption, a robust increase in energy expenditure would not be expected in mice maintaining a positive energy balance.
RER of Mc3r −/− mice-In the two initial investigations of the phenotype of
Mc3r −/− mice, a modest increase in the RER was observed by one of the groups [9] . In the preobese male B6 Mc3r −/− mice used in the experiment reported in this manuscript, a modest increase in the RER was also observed, irrespective of diet (Fig. 3B,Table 1 ). We have observed a similar increase in the RER in pre-obese female B6 Mc3r −/− mice (data not shown). While the difference in RER appears modest (0.962 compared to 0.925), the expected range for RER data is 0.7-1.0. A difference of 0.04 would therefore indicate at 12-14% difference in substrate utilization [19] . We have used energy expenditure and RER data to estimate the balance of fat and carbohydrate [2, 19] . The results from our analysis of female B6 Mc4r −/− mice are shown in Fig. 4A and B. The results of that experiment suggest that an imbalance of fat consumption and oxidation contributes to increased adiposity. In that experiment, the RER of Mc4r −/− mice had returned to within normal range by the third day. However, it should be noted that the mice used for this experiment were already obese, possibly activating MC4R-independent mechanisms for preventing extreme obesity [2] .
In the current experiment, it was evident that Mc3r −/− mice also have a significantly higher positive fat balance compared to wild type controls (Fig. 4C) . The balance of total energy consumption and oxidation (i.e., 24 h energy intake less 24 h energy expenditure) for Mc3r −/− mice and wild type littermates was not significantly different on the low fat diet (17.2 ± 2.0 kJ day −1 versus 15.7 ± 2.2 kJ day −1 , P = 0.6). However, on the high fat diet energy balance was significantly higher for Mc3r −/− mice (18.6 ± 3.1 kJ day −1 versus 10.3 ± 2.2 kJ day −1 , P = 0.05). The difference in the energy balance of Mc3r −/− and wild type mice was primarily due to fat balance, which was higher in Mc3r −/− mice compared to wild type mice. There was no difference in carbohydrate balance, which exhibited a comparable positive value in both Mc3r −/− mice and wild type littermates (Fig. 2C) . The magnitude of the imbalance in fat intake and oxidation, estimated to be in the order of 7 kJ day −1 , was comparable to that previously observed in female Mc4r −/− mice (Fig. 1B) [2] . Assuming 1 g of fat contains 9 kcal, or 37.7 kJ, the imbalance of fat intake and oxidation for both melanocortin receptor knockout models, in the range of 7-10 kJ day −1 , is roughly equivalent to 180 mg of triglyceride.
Summary and conclusions
The melanocortin system is involved in the regulation of energy intake, energy expenditure, and the balance of substrate oxidation. Loss of MC3R or MC4R function is associated with obesity. The obese phenotype of MC4R mutant mice is sensitive to diets with increased dietary fat content, an observation made by three laboratories. One of the important down stream effectors discussed by this review for the regulation of food intake, and possibly metabolism, by the MC4R when challenged with palatable high fat diets is BDNF in the ventromedial nucleus of the hypothalamus. The obese phenotype of MC3R knockout mice is also probably sensitive to high diets, perhaps more so than MC4R knockout mice. At this time, no mechanism other than reduced activity has been identified for the obese phenotype of MC3R knockout mice. Moreover, there has been no attempt to identify down stream targets of MC3R action in the central nervous system. For both Mc3r −/− and Mc4r −/− mice on the B6 background, our data indicate an imbalance in fat consumption and oxidation compared to wild type littermates as a mechanism explaining increased adiposity on high fat diets. The mechanism by which MC3R and MC4R regulate balance fat consumption and oxidation is not clear. Both Mc3r −/− and Mc4r −/− mice are reported to have reduced physical activity, which could contribute to reduced oxidation of fatty acids by skeletal muscle. Whether MC3R expressed in the hypothalamus, like the MC4R, is involved in the regulation of sympathetic nervous activity has not been investigated.
An interesting and novel finding reported here is that Mc3r −/− mice on the B6 background can exhibit a modest hyperphagia when fed a purified high fat diet. The hyperphagia of male Mc3r −/− mice on the B6 background was not observed for Mc3r −/− mice on a mixed 129;B6 background. This could indicate an effect of genetic strain on a complex behavioral phenotype. Alternatively, the methods used to measure food intake and the use of purified diets, as opposed to standard rodent chows, might also explain the difference in phenotype.
The increased consumption of high fat diet by Mc3r −/− mice mice on the B6 background appears to be limited to the lights-on period. Whether the hyperphagia associated with the introduction of the high fat diet persists, or is a transient response to the transition from a low to high fat diet, requires further experiments. In addition, whether this data indicates a potential role for the MC3R in the circadian regulation of food consumption remains to be determined. Interestingly, one of the brain regions with the highest density of MC3R mRNA expression is the VMH [48] . The VMH has been suggested to be an important site for coordinating physical activity with feeding time [13] . Whether VMH neurons expressing the MC3R are involved in this behavioral response to restricting food intake is not known, but could be investigated using conditional Mc3r gene knockouts or site-specific rescue with viral vectors.
The measurement of energy balance is important for studies analyzing phenotypes of knockout or transgenic models of obesity. However, there is still considerable uncertainty over how to adjust for differences in lean and fat mass when comparing energy expenditure of obese and lean mice [29, 43] . Common denominators that have been used include body weight, body weight to the three quarter power, or fat free mass. In all cases, assumptions are made about body composition and the contribution of different organs and tissues to energy expenditure of the whole organism, often leading to errors in the interpretation of metabolic data [29, 43] . We believe that the experiments described in this review demonstrate a useful approach for the analysis of metabolism in rodent models of obesity. It appears to this author that calculating the balance of energy intake and energy expenditure is a preferable approach, thereby eliminating the use of denominators normally used to adjust energy expenditure. Growth curve of MC3R mutants and wild type littermates on a mixed 129; B6 background. Some of the data for this growth curve was published in the initial analysis [9] . Male and female Mc3r −/− mice (n = 9−18), heterozygotes (Mc3r +/− , n = 22−31), and wild type (Mc3r +/+ , n = 9 −18) mice were weaned onto mouse breeder chow (Purina 5015, 25% kJ/fat) and body weights recorder every 7-10 days. Diet-dependent hyperphagia of lean male Mc3r −/− mice that is restricted to the lights-on period. (A) Disproportionate weight gain of male Mc3r −/− mice on the B6 background when fed high fat diet is due to increase in fat mass, as determined by NMR. Mice were weaned on purified low fat diet (10% kJ/fat), and body composition measured at 8 week. Mice were then fed a purified high fat diet (45% kJ/fat) for 6 week (n = 6/group). (B) Cumulative food intake (in kJ) of purified low fat or high fat diet was measured for 3 days periods indicated hyperphagia of Mc3r −/− mice relative to wild type littermates on the high fat diet. (C and D) Mean intake during the lights-on (L) or dark (D) periods was calculated, showing a significant increase in food consumption of Mc3r −/− mice during the lights on period. Historical data suggest that Energy expenditure of lean male Mc3r −/− mice fed a low-fat or high-fat diet. Lean male Mc3r −/− mice exhibit a normal diurnal variation in energy expenditure which is not affected by dietary fat content (A), but exhibit a modest increase in the RER consistent with reduced fatty acid oxidation (B). The dark periods are indicated by the bars shown in (A). Spontaneous physical activity, indicated by movements in the X-axis (C) and Z-axis (D) was reduced for Mc3r −/− mice in the period. Impaired changes in substrate oxidation in melanocortin receptor knockout mice are associated with increased fat balance. Obese female Mc4r −/− mice exhibit a delayed reduction in the RER following the transition from a low-to high-fat diet (A). (B) The balance of nutrient intake and oxidation is calculated using the mean RER over 3d for mice fed the high fat diet; the balance of carbohydrate intake and oxidation is comparable between all Mc4r −/− and wild type mice, with an imbalance limited to fat metabolism. In A and B, obese female leptin deficient (Lep ob /Lep ob ) mice were included in the study as an obese control. (C) Lean male Mc3r −/− mice exhibit a comparable imbalance of fat intake and oxidation when fed a high fat diet. In an experiment using lean male Mc3r −/− and wild type littermates at 3 months of age, fat balance
